In this paper, the ability of unsupervised linear unmixing has been evaluated for the hyperspectral image taken on the south pole of the planet Mars by OMEGA instrument aborad MEX. State-of-art methods of the three steps are tested: i) estimation of the number of endmembers; ii) extraction of endmembers; ii) estimation of the abundances. According to the results, it has been found that the combination ELM-VCA-NCLS has the best performance for obtaining the spectral signatures and the abundances of the three principle chemical species (CO 2 ice, water ice and dust) on the south pole of the Mars.
INTRODUCTION
Visible and near infrared imaging spectroscopy is a key remote sensing technique to study the Earth and other planets. Since its first appearence aboard a spacecraft in 1989, it has been applied for studying the surface or the atmosphere of the Moon, Mars, Venus, Jupiter, Saturn and their satellites. The main advantage of imaging spectroscopy is its ability to map their chemical composition and physical state, thus providing clues about present and past environmental conditions. For example, the OMEGA instrument (Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité, [1] ) has been mapping Mars with a spatial resolution varying between 300 m to 4 km, on 256 channels in the near infrared spectral range (0.92 to 5.2 μm). In that matter, classical analysis, such as band ratio methods, are supposed to map in a relative sense the abundance of specific minerals or ices at the surface. For that purpose, these methods require prior knowledge on the compounds expected on the scene and on their characteristic spectra.
Current unsupervised unmixing methods are proposed for modelling the surface reflectance and are based on the linear mixture model. The latter supposes that the spectrum of each pixel on a hyperspectral image is a linear mixture of some elementary chemical species (hereafter called endmember), Based on the linear mixture assumption, it is indeed possible to extract the spectra of the endmembers existed on a hyperspectral image and to unmix the spectrum of each pixel in order to obtain the abundance information of these endmembers. Both operations can be completed in a totally unsupervised way.
The linear unmixing of a hyperspectral image can be divided into three steps: the estimation of the number of endmembers, the extraction of the spectra of the endmembers, the computation of the abundances of the endmembers by unmixing the image.
The first step consists in estimating the number of endmembers present in the image, since this is the most essential parameter for all the endmember extraction methods. For this purpose, PCA-based thresholding can be used [2] . However, the cut-off threshold is not easy to determine since the eingenvalues caused by the signals and noise are sometimes very similar. Therefore, more sophisticated approaches have been proposed in the litterature, which can be divided into two families. One is based on the eigenvalues of the covariance or correlation matrices of the data (one can find the Harsanyi-Farrand-Chan (HFC) [3] and the Eigenvalue Likelihood Maximization (ELM) [4] , which has recently been proposed); the other is based on the minimization of the error when we project the data into a sub space (such as the HYperspectral Signal Identification by Minimum Error (HySIME) [5] ).
The second steps consist in extracting the spectra of the endmembers from the hyperspectral images. For this purpose, one can find three types of approaches: (i) statistical methods (ii) geometrical methods and (iii) non negative matrix factorization (NMF) methods. The statistical methods -such as the Independent Component Analysis (ICA) [6] and Bayesian Positive Source Separation (BPSS) [7] -extract the endmembers by optimizing some statistical criteria, for example the independence between the endmembers, which is assumed by ICA. However, either the statistical criteria are not always valid for planetary hyperspectral images or the statistical methods, such as BPSS, which performs Monte-Carlo simulations for obtaining the endmembers, are extremely slow. The geometrical approaches are directly based on the geometrical properties of the linear mixture model of hyperspectral data. These methods are more adaptive to the data and are generally more efficient. They can be divided into two classes: direct methods including N-Finder [8] , Vertex Component Analysis (VCA) [9] and advanced methods including Minimum Volume Constrained Nonnegative Matrix Factorization (MVC-NMFT) [10] , and Simplex Identification via Split Augmented Lagrangian (SISAL) [11] . The direct methods extract the extremal points of the simplex formed by the dataset as endmembers. They are very efficient. However, they assume that for each endmember, there is at least one pure pixel in the image (hereafter called pure pixel assumption). Otherwise, the endmembers extracted by these methods are still mixed pixels. The advanced methods either try to find the simplex with minimum volume which contains all data points, and extract the extremal points of the simplex as endmembers (such as SISAL); or minimise the projection error of the data to a subset and use the simplex volume as a regularization term (such as MVC-NMFT). In that case they implement a hybrid of geometrical and NMF concepts. Since the advanced methods do not require pure pixel assumption, they may give endmembers which do not exist in the image.
Finally, based on the spectra of the extracted endmembers, their abundances can be computed by least square estimators subject to different conditions, including UCLS (unconstrained least square estimator), NNLS (nonnegative least square estimator) and FCLS (full constrained least square estimator).
In this paper, we have evaluated the totally unsupervised linear unmixing scheme for hyperspectral images taken on the planet Mars by the OMEGA instrument. For the first step, the ELM, the HySIME and the HFC methods have been evaluated. For the second step, the VCA, the SISAL and the MVC-NMF methods are tested. For the final step, the UCLS, the NNLS and the FCLS are tested.
EXPERIMENTS AND RESULTS ON OMEGA DATA
In the following section, experiments are carried out on a real hyperspectral image taken by the OMEGA instrument. This image is briefly introduced in Section 2.1. Its number of endmembers is estimated by ELM, HFC and HySIME in Section 2.2. In Section 2.3, endmember spectra are extracted by VCA, SISAL and MVC-NMF, and are then compared with the reference spectra of typical materials. The extracted endmembers are identified according to the similarity of their spectra with the reference spectra. Based on the spectra extracted by VCA, SISAL and MVC-NMF, the abundance maps are computed by using UCLS, NCLS and FCLS. They are compared with the abundances obtained by the state-of-art unmixing method BPSS presented in [2] . In Section 2.4, another comparison is performed this time on a restricted area with the reference abundances obtained in [12] by inversion of a physical model. ELM HySIME HFC (α = 10 −3 ) estimated number 4 10 22 Table 1 . Numbers of endmembers estimated on the ORB0041 image by using ELM, HySIME and HFC methods.
Data set -the ORB0041 image
The image ORB0041 taken in late summer covers a large part of the south polar permanent cap (SPPC) and layered deposits of Mars. We reduce the spatial extend of the image to this region of interest. Previous studies by [13] detected three principal chemically pure species on the surface: Water ice, CO 2 ice and mineral dust. Physical analysis conducted independently by [14] on a selection of representative spectra showed that intimate mixtures of grains usually dominate the properties of the superficial icy deposits in the region. Furthermore component abundance and granularity maps were computed by applying to the bright part of the SPPC of the image a Gaussian regularized sliced inverse regression (GR-SIR) trained with a library of synthetic spectra generated by a physical model [12] . The latter is built by assuming that the detected chemical components are intimately mixed. Being generated thanks to a more realistic model taking into account non linear effects, the resulting abundances computed by GRSIR can serve reference for our experiment.
Estimation of the number of endmembers
First we use ELM, HySIME and HFC for estimating the number of endmembers in the ORB0041 image. The results are shown in Table 1 . When we use the HySIME method, the estimated number of endmembers is 10, which is considered too large according to the previous studies. On the other hand, the number estimated by the HFC method is 22. These numbers are also too large.
Extraction of the endmembers
Finally, we extract 4 endmembers from image ORB0041 by using the VCA, the SISAL and the MVC-NMF methods. In order to identify the extracted spectra, the correlation coefficients and the spectral angles between the latter and the reference spectra are computed (shown in Table 2 ). A spectroscopic visual inspectation of the spectra is also carried out. Table 2 shows that, the VCA method can better extract mineral dust than MVC-NMF and SISAL. While the MVC-NMF method can better extract water ice than VCA and SISAL.
It can be seen that, the 3rd endmember extracted by SISAL can be identified as water ice according to the corre- Table 2 . Correlation coefficients and spectral angles between the reference spectra and the spectra of the endmembers extracted respectively by using VCA, SISAL and MVC-NMF from the ORB0041 image.
VCA
lation coefficient, the spectral angle between its spectrum and the reference spectrum of water ice is not the minimum (25.3 degrees). Meanwhile the 3rd endmembers extracted by both VCA and MVC-NMF correspond very well to the water ice, according both to the correlation coefficients and the spectral angles. From Table 2 , we can see that the 2nd endmembers extracted by VCA and MVC-NMF are also very similar to water ice (according to their high correlation coefficients and relatively small spectral angles). As for the CO 2 ice, according to the maximal correlation coefficients, it can be well extracted by all the 3 methods. However, the minimal spectral angles between the reference spectrum of CO 2 ice and the extracted endmembers are relatively high (around 13 − 14 degrees) when compared to the equivalent values for the other endmembers. A difference of dust contamination in the CO 2 ice between the reference and the extracted spectra can well account for this apparent lower adequacy without questioning the physical quality of the produced CO 2 endmember by all three methods. According to Table 2 , the VCA and MVC-NMF methods work better than SISAL on the ORB0041 image. The performances of VCA and MVC-NMF are very similar. However, it has to be noticed that the computation complexity of MVC-NMF is considerably higher than VCA (VCA needs less than 1 second, compared to half an hour required by MVC-NMF).
Validation of the abundances
In the previous sections, we have identified the extracted endmembers by comparing their spectra with the reference spectra (see Table 2 ). Tthe 1st, 3rd and 4th endmembers extracted by all the three methods are identified as CO 2 ice, H 2 O ice and Dust. In addition, according to Table 2 , it has been observed that the 2nd endmembers extracted by VCA and MVC-NMF might be additional endmembers corresponding to water ice because of the source splitting effect.
For the results of VCA and MVC-NMF, we have therefore added the abundance maps of the 2nd and the 3rd endmembers. The combined abundance maps are then compared with the reference abundance map of water ice obtained by GRSIR. The correlation coefficients between the reference abundances and the abundances of the identified endmembers are shown in Table 3 . It can be seen that the combination of the abundances of the 2nd and the 3rd endmembers extracted by VCA and MVC-NMF can generally improve the correlation coefficients. The 2nd endmembers extracted by VCA and MVC-NMF correspond to an additional water ice endmember caused by non linear effects.
CONCLUSIONS
In this paper, the performance of a chain of unsurpervised linear unmixing applied to synthetic as well as real hyperspectral images is investigated for planetary study. Table 3 . Correlation coefficients between the abundances computed by linear unmixing approaches and the reference abundances generated by GRSIR with physical models.
three steps in the linear unmixing chain, several methods are evaluated.
For the first step -the estimation of the number of endmembers -the ELM, HySIME and HFC methods are compared. For the second step -the extraction of endmembersthe VCA, SISAL and MVC-NMF methods, each representing a major category of geometrical approach, are selected for evaluation. For the third step -the linear unmixing of hyperspectral data, the UCLS, NCLS and FCLS conditions are tested.
On the real image of the south pole of Mars acquired by the OMEGA instrument, the ELM is the only method that provides a reasonable number of endmembers. In this case, the VCA+NCLS gives the best endmember signatures and abundances and with the outcome of a complete physical analysis. The latter is performed by the inversion of a physical model that offers a more accurate simulation of the signal but requires a lot more a priori information. Conversely the unsupervised chain is nearly automatic, not requiring any prior information, notwithstanding the possible requirement of endmember recombination into actual physical sources should unlinear effects are noticeable.
Based on this study, we conclude that the ELM+VCA+NCLS combination offers the best comprimise in term of accuracy and efficiency. Because it requires only a few seconds to process an OMEGA image or equivalent imagery, the unsupervised unmixing chain we have proposed has a great potential for planetary studies especially when dealing with large image series. This may be a key asset for the systematic exploitation of the OMEGA and CRISM dataset.
